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Phase behavior of model mixtures of colloidal disks and polymers
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The phase behavior of model colloidal systems containing platelets and polymer is investigated using
computer simulation and perturbation theory. For polymer coils with a diametéarger than 0.8, where
op is the diameter of the platelets, isotropic fluid-fluid coexistence is observed, in addition to the usual
isotropic-nematic transition for hard disk systems. For very small polymer coi)s<Q.1lop), a nematic-
nematic demixing transition is observed, although this occurs at extremely high platelet density. The case of
colloidal platelets and thin stiff rods is also examined. Demixing is observed in the isotropic phase for long
rods and in the nematic phase for short rods, as for large and small polymer coils, respectively. However, the
nematic-nematic demixing transition for platelet-rod mixtures occurs at a much lower platelet density than in
the platelet-disk mixtures.

PACS numbe(s): 82.70.Dd

[. INTRODUCTION large rods or small rods can induce effective attractions be-
tween large spheres. Especially in the latter case, a wide
It is well known that an effective attractive force can be variety of complex morphologies can occur when the rods
induced in a suspension of hard body, colloidal particles byare at a high enough concentration to exhibit liquid crystal-
the addition of a smaller specifs—5]. The influence of this line phaseq10]. Models for these systems have also been
attractive force on the phase behavior has been studied egtudied by simulation and perturbation thegty—14 but
perimentally using mixtures of spherical colloifts,2] and  the structures of the complex phases are still not completely
colloids plus nonadsorbing polymé¢8—5] and it is found understood. Experiments on systems of pure colloidal disks
that the nature of the phase diagram depends on the size rafi@ve been reported only recenfly5,16|, and the influence
of the large and small particles. The range and depth of thef realistic features such as size polydispersity on the phase
depletion-induced attractions can be modified by changinfer‘aVi0r of these systems is also starting to be understood
the size and concentration of the smaller species, respetl7.18. The possibility of rich liquid crystalline behavior
tively, and so the phase diagram can be modified in a sysxhibited by mixtures containing disks has yet to be fully
tematic way. In this paper, we will concentrate explicitly on investigated although a start has been md®. In this pa-
systems composed of colloids and polymer, in which theP€r, we examine the phase behavior of platelet-polymer and
polymer coils act as a “soft” depleting agent. pIaFeIet-rod mixtures using computer simulation and pertur-
The depletion interaction in colloid- and free polymer sys-bation theory.
tems was first described by Asakura and Oosé@ja The
depletion fqrces arise in these mixtures, since the smgller Il. SIMULATION OF COLLOIDAL PLATELETS
polymer coils are echU(_jed fr_om a narrow shell or depletlon PLUS POLYMER
zone of the order of their radius around the larger particle. If
two of the larger particles are in close proximity then their  In our simulations, we model the colloidal platelets using
depletion zones overlap. This leads to an increase in the totéifinitely thin disks. This model has previously been used to
volume available for the polymer and so to an effective atinvestigate the phase behavior of systems of monodisperse
traction between the larger particlgg]. Meijer and Frenkel [17,20 and polydispersgl7] colloidal disks since it is par-
[7] have studied depletion interactions in a computer simuticularly cheap to use in computer simulations. However, it
lation study of colloids and polymers. Their results showeddoes have the drawback that only isotropic and nematic
that the Asakura and Oosawa mofg] for colloid-polymer  phases can be observed and that translationally ordered
suspensions, which approximates the free polymer coils bphases such as the columnar liquid crystalline phase are not
mutually interpenetrable spheres that cannot penetrate thgesent at finite densities. Since many of the colloidal disper-
colloid, gives a good approximation to the interaction be-sions studied experimentally to date have rather low number
tween the particles as long as the radius of gyration of th&lensity, this is not necessarily a problem. The polymer coils
polymer is less than 70% of the radius of the colloid. Thisare modeled in the spirit of Asakura and Oosd@h using
behavior had earlier been predicted on the basis of perturb&pheres which cannot penetrate the disks but are mutually
tion theories by Gast, Hall, and Rus$8] and the theoretical interpenetrable. Simulations were performed at constant
approach was subsequently refined by Lekkerkeedeal.  polymer fugacity using an osmotic equilibrium mode#],
[9]. The depletion effect is not restricted to spherical par-n which a reservoir of polymer at chemical potentig is
ticles. Mixtures of rod-shaped particles and polymer havén equilibrium with a platelet-polymer mixture. Within this
been studied experimentally and have been shown to exhibitpproximation the fugacity of the polymerzp
a rich phase behavior. For such mixtures, many possibilities= exp(Bup)/A® in the system of platelets is equal to the pres-
occur since small particles can act as a depletion agent faure of the ideal polymer resevoir; hege=1/kT is the in-
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FIG. 2. The free volume fractiony(pg), for spheres of diam-
FIG. 1. Phase diagram for mixtures of colloidal distsard  eter o as a function of platelet densityy, . The relative sphere
platelety and polymer coils(penetrable spheresis a function of  diameter ¢p/0p) from top to bottom is 0.1 to 0.6 in steps of 0.1.
platelet density,pf, and polymer fugacityzs . (®) Simulation
results obtained from Gibbs ensemble and grand canonical simulaion we seek an alternative route to this information.
tions for op=0.50p (Sec. ). The coexistence regions obtained e note that all quantities are quoted in reduced, dimen-
from the simulations are indicated by horizontal shading. Thegjgnless units; these are, platelet den$i§/= pDU3D, pres-

dashed line indicates the results of the perturbation theeg. 1)) *_p.3 ; ; * _
for coexistence between thg bnd |, isotropic phases fowp sure P *PUDlng’ chemical potential ™ =u/kT and
fugacity z* = zop.

=0.50p. The solid lines indicate the location of the nematic-

isotropic transition. The dotted line shows the nematic equation of
statezf = P* =3p}, for a system of pure diskSec. I1I). IIl. DETERMINATION OF THE PHASE DIAGRAM

BY PERTURBATION THEORY

verse temperature andl is the thermal de Broglie wave-  The theoretical formalism used to determine the phase
length[21]. For the low platelet density region of the phasediagram follows that developed by Lekkerkerlral.[9,12]
diagram, Gibbs ensemble simulatidizi] were found to be used to study the phase behavior of colloidal mixtures con-
an efficient way determine the coexistence densities. Ataining rods and spher¢$1—14. The perturbation theory is
higher platelet densities in the vicinity of the nematic- based on the construction of the grand potential, which is a
isotropic (NI) transition, the Gibbs ensemble method be-function of the polymer fugacity, for the system of interest.
comes sluggish even for pure disk systeffi8]. A more  Since this has been discussed in detail elsewfhkte 14,
efficient route to the coexistence densities is the determinarere we merely quote the result that tlesmotig pressure

tion of the equation of state using grand canonical simulapy and the chemical potential of the disks in the mixture
tions, since these simulations avoid volume changes that atge

much less efficient than particle insertions for this system

[18]. Fortunately, hysteresis is minor at the NI transition and

so the coexistence densities can be determined within a few BP5=BP* +175
percent directly from the equation of state and further free-

energy calculations are not necessary. We therefore also uggg

grand canonical ensemble simulations to determine the phase

behavior of the model platelet plus polymer systems. The a
equation of state is determined at fixgq, while varying Bup=Bu* —Z’Ea’jy 2
up, the chemical potential of the disks. Simulation results °

are shown in Fig. 1 for polymer coils with diametef,  respectively, wher®* andu* are the pressure and chemi-
=0.50p, whereoyp is the platelet diameter. For zero poly- cal potential in the pure disk system ands the free volume
mer fugacity, the system exhibits a weakly first-order Nlfraction available to the polymer coilginterpenetrable
transition atppy= Na%/V~4. Increasing the polymer fugac- spherel we reserve the symbols with no subscripts to refer
ity has little effect on the phase behavior umfil~ 10, when to data obtained in the pure disk system. In previous studies
an isotropic fluid-fluid (41,) transition is induced, equivalent of spheres in rod-based systdi?], scaled particle theory

to that observed in mixtures of spheffds-5|. The width of = was used to provide the required free volume fractiofror

the NI transition broadens slightly with increasing polymerthe disk system, this is not known analytically and so we
fugacity. This eventually ends in aglJN triple point, above have determined this, as a function of sphere diameter and
which there is coexistence between a very low-density isoplatelet density, by simple insertion of spheres into a pure
tropic phase;land the nematic. In principle, computer simu- disk system. The results are shown in Fig. 2. At zero platelet
lation could be used to determine the phase diagram as density, the entire volume is accessible to polymer and so
function of polymer diameter and thus the influence of thea=1. As the density is increased, drops as the available
size of the polymer on the phase behavior. However, thispace decreases; clearly this is more rapid for larger spheres
would be computationally expensive and so in the next secthan for smaller ones. We observe that there is essentially
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very little available volume to insert spheres of diameterspheres of diameter @4, and 0.%p, in addition to those
op=0.50p at platelet densities in the vicinity of the NI tran- for the NI coexistence fosp=0.50 . Clearly, the NI tran-
sition (p5~4). For each polymer diameter, the free volumesition is predicted to be too wide, even for the pure disk
fraction was found to possess a functional form very similarsystem in whiche = 0. This occurs since the five-term virial

to that arising from scaled particle theory for large and smalkypansion and the equatidtt = 3p% slightly over and un-
spheres, and so for convenience theised in Egs(1) and

(2) was fitted to

a—(l—apB)EX;{

)

derpredict the pressure in the isotropic and nematic phases,

respectively[20]. However, for simplicity we use these
forms of the equation of state bearing in mind that the true
NI transition is not so strong. The predicted NI transition is
seen to widen slightly with increasirgj , in agreement with
the simulation data. The coexistence between thand |,

in which a andb were taken to be adjustable parameters usedsotropic phases is also predicted by the perturbation theory.
to fit the curves in Fig. 2. The other input required for the Although the agreement with the simulation data is not per-
perturbation theory is the equation of state of the pure diskect, the theory does give reasonable results; the predicted
system. This has been determined in previous simulatiogritical point for op=0.50, occurs at lowerzg than ob-
studies[17,18,2Q and so is known numerically to quite a served in the simulation and at possibly very slightly lower
high accuracy. However, rather than fit somewhat arbitraryy . The final part of the phase diagram is coexistence be-
functions to the numerical data, we use the five-term viriakween the N and,lphases at higlay . At high densities in
expansion for the isotropic phase and the equat®tin  the nematic phase, spheres of diameterg.are totally ex-
=3pp for the nematic phase, both of which have beencluded and so the reservoir of spheres is in equilibrium with
shown to give very good agreement with the numerical dataa pure system of disks. This implies that the pressure of the
except very close to the transiti¢@0]. Figure 1 shows the nematic phase is equal to that of the sphere reservoir, and so
I41, coexistence densities for mixtures of platelets withabove the triple point, the phase diagram follows the equa-
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tion z5 = P* =3pf . While we cannot expect to obtain quan- platelets will become metastable with respect to other phases
titative results, we can expect to get at least a qualitativesuch as the columnar or solid phases, which only appear in
view of the influence of polymer size on the phase behaviorthe phase diagram of infinitely thin disks at infinite density
since the major features of the phase diagram are predictg@4].

correctly using the perturbation theory. This will be exam-  While this appears to rule out nematic-nematic coexist-

ined in the next section. ence in colloid plus polymer systems, it may be possible to
observe an NN, transition if a nonspherical depleting agent
IV. DISCUSSION is used. To investigate this we have determined the free vol-

] _ume fractiona for infinitely thin rods of lengttL in a system
The dependence of the phase behavior on polymer diany infinitely thin disks. The phase behavior resulting from the
eter is shown in Fig. 3. As the diameter is lowered fromp,eryrhation theory with this as input is shown in Fig. 4. For
0.60p 10 0.30p, the Ll critical point occurs at increasingly |ong rods, behavior similar to large spheres is found. Thus,

higher z;, while the platelet density at the critical point | | “coeyistence is observed with a critical point that shifts to
shifts to very slightly higher values. The critical point disap- higher z& as the length of the rod is decreased until it be-

pears, or rather becomes metastable with respect to NI COC¥ omes metastable with respect to the NI transition; the NI

I .. . .

does not reproduce the simulation results exactly, we cann(ﬁﬁanSItlon 'S _also broe_xdened_wnh decreasingVe also O.b'
determine the exact size at whickl,l coexistence is lost. serve nematic-nematic cogxstence for shorter (sds Fig.
However, from our previous observation that the theory pre& L =0.200). However, while the bphase was observed at
dicts a critical point at too lowz% (see also Fig. Jl we extremely high platelet. densn.y for platelet-polymer_ mix-
expect that this will be in the region 013 <op<0.40p . j[ur'es, for platelet-rod mixtures |t' can occurggf< 10: yvhn;h
Decreasing the polymer size also has a profound influence df just double the platelet density at the NI transition in the
the width of the NI transition; this is dramatically widened asPure system. This may mean that it is possible to fintliN
op is reduced. This broadening has also been observed i#pexistence in experimental systems, although this coexist-
experiments of mixtures of Gibbsite platelets with addedence may or may not be stable with respect to the transition
polymer[22]. to a columnar phase. This could be investigated in a simula-

Bolhuis and Frenkel23] have shown that hard spheres tion by studying the cut-sphere model that does exhibit a
with a sufficiently short-ranged square well attraction un-columnar phase instead of infinitely thin platelets. We also
dergo an isostructural solid-solid transition at high densitiesnote that the present system could be thought of as a model
We may wonder if a similar transition can occur in the for the recent experiments of mixtures of colloidal disks and
platelet-polymer mixture for small polymer coils, since theserods [19], in which demixing of the system into discotic
induce a depletion force with a smaller range. This is indeedN~) and calamitic (N') nematic phases occurs. However,
the case, and we find that a nematic-nematigNJ)l coex-  since the rods have zero excluded volume and they do not
istence is predicted by the perturbation theory for small poly-interact, they cannot self order to form a nematic phase and
mer coils(see Fig. 3pp/0op=0.06 and 0.08 However, this  so we do not reproduce the behavior observed in the experi-
occurs at very high densities, with thg, Nhase at densities ments. Coexistence between theahd |, isotropic phases
of pf~30 and above, which is too high to be systematicallywas not observed in the experiments of rods and plates. This
investigated in the present simulations, let alone in an experis not surprising since the length of the rods was smaller than
ment. Moreover, at these high densities, we may expect thahe diameter of the platelets, and thé, Icoexistence is pre-
the N;N, coexistence in systems of reéinite thicknesy  dicted to disappear for values bfbelow o (see Fig. 4.
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V. CONCLUSIONS of (liquid crystalling phases, and so these should continue to
In conclusion, we have studied the influence of free non—prOVifje a qhallenge for simulation and theory in the high_—
adsorbing polyrr;er on the phase behavior of colloidal platefjensIty regime. We have made a start toward understanding

. : : the behavior of these systems and the results obtained in this
epaper should provide a guide for experiments and give a

fmd_ewdence for an,l, demixing transition w_|th|n the Iso- useful testbed for future simulation and theoretical work.
tropic phase for reasonably large polymer coils. As the poly-

mer size is reduced, thgl} critical point becomes meta- ACKNOWLEDGMENTS
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